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Dengue virus (DENV) is a member of the Flavivirus genus of positive-sense RNA viruses. DENV RNA
replication requires cyclization of the viral genome mediated by two pairs of complementary sequences in the
5" and 3’ ends, designated 5’ and 3’ cyclization sequences (5'-3’ CS) and the 5’ and 3’ upstream of AUG region
(5’-3" UAR). Here, we demonstrate that another stretch of six nucleotides in the 5’ end is involved in DENV
replication and possibly genome cyclization. This new sequence is located downstream of the AUG, designated
the 5’ downstream AUG region (5’ DAR); the motif predicted to be complementary in the 3’ end is termed the
3’ DAR. In addition to the UAR, CS and DAR motifs, two other RNA elements are located at the 5’ end of the
viral RNA: the 5’ stem-loop A (5’ SLA) interacts with the viral RNA-dependent RNA polymerase and promotes
RNA synthesis, and a stem-loop in the coding region named cHP is involved in translation start site selection
as well as RNA replication. We analyzed the interplay of these 5’ RNA elements in relation to RNA replication,
and our data indicate that two separate functional units are formed; one consists of the SLA, and the other
includes the UAR, DAR, cHP, and CS elements. The SLA must be located at the 5’ end of the genome, whereas
the position of the second unit is more flexible. We also show that the UAR, DAR, cHP, and CS must act in
concert and therefore likely function together to form the tertiary RNA structure of the circularized DENV

genome.

Dengue virus (DENV), a member of the Flaviviridae family,
is a human pathogen causing dengue fever, the most common
mosquito-borne viral disease in humans. The virus has become
a major international public health concern, with 3 billion
people at risk for infection and an estimated 50 million dengue
cases worldwide every year (28). Neither specific antiviral ther-
apies nor licensed vaccines are available, and the biology of the
virus is poorly understood.

DENV is a small enveloped virus containing a positive-
stranded RNA genome with a length of approximately 10.7 kb.
The virus encodes one large polyprotein that is co- and post-
translationally cleaved into 10 viral proteins. The structural
proteins C, prM/M, and E are located in the N terminus,
followed by the nonstructural proteins NS1, NS2A, NS2B,
NS3, NS4A, NS4B, and NS5 (6, 10). NS5, the largest of the
viral proteins, functions as an RNA-dependent RNA polymer-
ase (RdARP) (29). The coding region is flanked at both ends by
untranslated regions (UTR). The 5’ end has a type I cap
structure (m’GpppAmp) mediating cap-dependent transla-
tion, but the virus can switch to a noncanonical translation
mechanism under conditions in which translation factors are
limiting (13). Cellular mRNAs are known to circularize via a
protein-protein bridge between elF4G and elF4E (the cap
binding complex) at the 5’ end and the poly(A) binding protein
(PABP) at the 3’ end, enhancing translation efficiency. Despite
the fact that the DENV 3’ UTR lacks a poly(A) tail, recent
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findings demonstrated binding of PABP to the 3’ UTR and an
effect on RNA translation, suggesting a similar mechanism
(12, 20).

In addition to a presumed protein-mediated genome circu-
larization regulating viral translation, an RNA-RNA-based 5’
and 3’ (5’-3') end interaction, which can occur in the absence
of proteins, leads to circularization of the viral genome (1, 3, 4,
18, 20, 30, 33, 34). This cyclization of the genome is necessary
for viral RNA replication, and thus far, two complementary
sequences at the 5" and 3’ ends have been identified (3). The
first are the cyclization sequences (CS) present in the capsid-
coding region at the 5’ end (5’ CS) and upstream of the 3’
stem-loop (3" SL) in the 3" UTR (3’ CS) (2, 4, 18, 20, 30). A
second sequence, known as the 5’ upstream AUG region (5’
UAR) element in the 5" UTR, base pairs with its complemen-
tary 3" UAR counterpart, which is located at the bottom part
of 3’ SL (1, 4, 30). Recently, the structure of the 5’ end of the
DENV genome hybridized to the 3’ end was determined in
solution (25), confirming previous computer-predicted struc-
tures for genome cyclization (4, 20, 30). Besides the base pair-
ing between 5'-3" UAR and 5’-3" CS sequences, a third stretch
of nucleotides was identified to form a double-stranded (ds)
region between the 5’ and 3’ ends.

In addition to RNA sequences involved in 5'-3'-end inter-
actions that are necessary for cyclization, the 5’ end of the viral
genome harbors at least two more functional RNA elements,
the stem-loop A (SLA) and capsid-coding region hairpin
(cHP). The SLA consists of the first 70 nucleotides (nt) of the
genome, forming a stable stem-loop structure. This structure
has been confirmed in several studies and identified as a pro-
moter element for RNA synthesis that recruits the viral RdRp
NS5 (16, 22). Once NS5 is bound to the SLA at the 5" end, it
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is believed to be delivered to the initiation site of minus-strand
RNA synthesis at the 3" end via 5'-3" RNA-RNA circulariza-
tion. In addition, a short poly(U) tract located immediately
downstream of SLA has been shown to be necessary for RNA
synthesis, although it is not involved in genome circularization
(22). Finally, the cHP element resides within the capsid-coding
region; it directs start codon selection and is essential for RNA
replication (8, 9). The cHP structure is more important than its
primary sequence. For start codon selection, it is believed that
the cHP stalls the scanning initiation complex over the first
AUG, favoring its recognition (9). In the case of RNA repli-
cation, the cHP likely stabilizes the overall 5'-3’ panhandle
structure or participates in recruitment of factors associated
with the replicase machinery (8).

In this study, we demonstrate that in addition to the 5" CS
and 5’ UAR sequences, a third stretch of nucleotides in the 5’
end is required for RNA replication and appears to be involved
in genome circularization. This new motif is located down-
stream of the AUG and was therefore designated the down-
stream AUG region (5" DAR) element, with the predicted
counterpart in the 3" end designated the 3" DAR. Our results
indicate that the 5" DAR modulates RNA-RNA interaction
and RNA replication, and restoring complementarity between
the 5" DAR and 3’ DAR rescues detrimental effects caused by
mutations in the 5" DAR on genome circularization and RNA
replication. Although the role of the predicted 3’ DAR coun-
terpart is less conclusive, it may serve to make other structures
and sequences in the 3’ end available for 5'-3' RNA-RNA
interaction to facilitate the replication-competent conforma-
tion of the DENV genome.

Furthermore, we analyzed the functional interplay of RNA
elements in the viral 5’ end, showing that two separate units
are formed during replication. The first consists of the SLA,
and it must be located at the very 5’ end of the genome. The
second unit includes UAR, DAR, cHP, and CS elements, and
the positional requirements are more flexible within the
DENV RNA 5’ terminus. However, all four elements in the
second unit must act in concert, forming a functional tertiary
RNA structure of the circularized viral genome.

MATERIALS AND METHODS

Cell culture. Baby hamster kidney cells 21 clone 15 (BHK cells) were grown in
minimal essential medium alpha (MEM-«; Gibco, Carlsbad, CA) with 100 U/ml
penicillin, 100 wg/ml streptomycin, and 5% fetal bovine serum (FBS; HyClone,
Logan, UT) at 37°C in 5% CO,.

Construction of DNA plasmids. Unless otherwise stated, standard recombi-
nant DNA technologies were used for all cloning procedures. The basic con-
struct, pDRep, has been described previously (8) and was used to create the
plasmid pDEN-5"UTR-Cap-tr (Fig. 1A), in which the DENV 5’ UTR and the
first 72 nt of the capsid-coding region were fused to the encephalomyocarditis
virus (EMCV) internal ribosome entry unit (IRES) separated by a short se-
quence carrying multiple stop codons for the various DENV 5’ start codons (9)
and a multiple cloning site, including unique restriction sites for Xbal, Pmel, Agel,
SnaBlI, and Ascl. The sequence between the DENV capsid-coding sequence frag-
ment and the EMCV IRES is 5'"-TAACCCTAAAATCTAGAATAGTTTAAACTA
CCGGTTACGTAGGCGCGCCAT-3', with recognition sites for restriction enzymes
shown in bold. We also engineered the hepatitis delta virus ribozyme at the DENV
3" end (19). To construct pDEN-5"UTR-Cap-tr-SPACER (Fig. 1A), we generated a
PCR-based fragment containing approximatley 630 nt derived from the green fluo-
rescent protein (GFP) gene (GenBank accession number GQ404376.1; position
3498 to 4126) and additional primer sequences, including SnaBI/Ascl recognition
sites, to insert the fragment into pPDEN-5'UTR-Cap-tr. For pDEN-Cap-tr+5'UTR-
Cap-fl, the DENV 5" UTR and capsid sequence were amplified via PCR and
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inserted into pDEN-5"UTR-Cap-tr using Xbal/Agel. For PCR-based mutations
introduced into the 5’ sequences, a Mlul restriction site upstream of the original T7
promoter and the newly engineered Xbal site were used to insert the modified
fragments into pDEN-5"UTR-Cap-tr-SPACER. For PCR-based mutations intro-
duced into the internally located 5" UTR-Cap-fl sequence, the Xbal and Agel sites
were utilized to insert the mutated 5 UTR and capsid sequence into pDEN-Cap-
tr+5"UTR-Cap-fl. Primer sequences are available upon request.

In vitro transcription. All DENV replicon DNA templates were generated by
Clal digestion of the corresponding plasmid, followed by phenol-chloroform
extraction and ethanol precipitation. RNAs were generated by in vitro transcrip-
tion using a RiboMax large-scale RNA production system (T7; Promega) with
the following modifications to the manufacturer’s protocol: 3 mM concentrations
(each) of GTP, CTP, and UTP, 1 mM ATP, and 6 mM m’G(5")ppp(5')A cap
analog (New England BioLabs, Beverly, MA) were incubated for 4 h at 37°C with
the addition of 2 mM ATP after 30 min. Transcription was terminated by the
addition of 2 to 3 U of RNase-free DNase (Promega) per pg of plasmid DNA
and incubation for 30 min at 37°C, followed by acidic phenol-chloroform extrac-
tion and isopropanol precipitation. RNAs corresponding to the 5’ or 3’ viral ends
were generated as described above, with the exception that 3 mM concentrations
of each ribonucleoside triphosphate (rNTP) without m’G(5")ppp(5')A cap
analog was used. Different DNA templates were derived by PCR based on the
corresponding plasmid, using primer pair S_T7-50_MIul (5'-CATGCGCAC
CCGTGGCCAGG-3")/P_A-5'end (5'-GTTTCTCTCGCGTTTCAGCATAT
TG-3") for 5’ RNAs (for NoCS mutant 5’ RNAs, P_A-5'end-NoCS [5'-GT
TTCTCTCGCGTTTGTCGTATAAC-3'] was used instead of P_A-5"end).
For 3’ SL RNAs, templates were generated via PCR using primer pair
S_EcoRI-T7-3'CS-3'SL (5'-AAGCTTGATATCGAATTCTAATACGACTC
ACTATAGACCCCCCCGAAACAAAAAACAGC3-") and P_A-3'end (5'-A
GAACCTGTTGATTCAACAGCACC-3"), whereas for full-length 3" UTR
RNAs, templates were generated using primers P_S-3’end (5'-CGCAAATTTAATA
CGACTCACTATAGGTAGAAAGCAAAACTAACATGAAAC-3') and P_A-
3’end. All RNAs were quantified spectrophotometrically, and the integrity was verified
by electrophoresis on agarose gels.

RNA transfection and transient luciferase replication assays. Transfection of
RNAs into BHK cells was performed as described previously (17); briefly, 5 to 10
g of RNA transcript generated in vitro from DNA templates was mixed with 400
ul of a suspension of 107 BHK cells per ml in a cuvette with a gap width of 0.4
cm (Bio-Rad). After one pulse at 975 wF and 270 V with a Gene Pulser II system
(Bio-Rad), cells were immediately transferred into 14 ml of MEM-a (Gibco).
Two milliliters of the cell suspension was seeded per well of a 6-well plate and
harvested at various time points. Cells were harvested using 500 pl 1X Renilla
luciferase assay lysis buffer per well, and luciferase activity was measured using
a Renilla luciferase assay system (Promega) and a GloMax-96 microplate lumi-
nometer (Promega) according to the manufacturer’s instructions with slight
modifications; namely, 50 pl cell lysate and 50 pl 1X Renilla luciferase assay
substrate were used per sample.

RT-PCR for viral cDNA sequencing and gRT-PCR. Total RNA was prepared
from transfected BHK cells at different time points after RNA transfection using
an RNeasy mini kit (Qiagen). cDNA was obtained using a 5'/3’ rapid amplifi-
cation of cDNA ends (RACE) kit, 2nd generation (Roche Applied Science),
according to the manufacturer’s instructions. The DENV-specific anti-sense
primers used were RT-5 (5'-CTCCTAGTGAAAAGTTGTCGACC-3'), RT-6
(CAATGGTCTGATTTCCATCCCG), and RT-3 (5'-GGGGGGAGGGAGAG
ATGGCG-3"). PCR fragments were subcloned into pCR2.1-TOPO (Invitrogen),
and plasmid DNA was isolated by alkaline lysis. Sequencing was performed at
the University of California, Berkeley, DNA Sequencing Facility. Quantitative
reverse transcription-PCR (qRT-PCR) was performed as described previously
(8) with NS5-specific primers and probe using TagMan One-Step Master Mix
(Applied Biosystems, Foster City, CA). RNA was normalized to cellular 18S
RNA quantified using TagMan VIC-MGB Primer Limited Eukaryotic 18S
rRNA Endogenous Control (Applied Biosystems) in a parallel reaction. qRT-
PCR was conducted using a Sequence Detection System 7300 (Applied Biosys-
tems).

RNA binding assays. Uniformly 3>P-labeled RNA probes were in vitro tran-
scribed as described above with minor modifications, using 1 mM rCTP and 50
1Ci [«*?P]CTP. RNAs were heat denatured for 5 min at 95°C and slowly cooled
to 70°C, followed by incubation on ice. RNAs (0.1 nM radioactively labeled 3’
RNA and 10 nM 5’ RNAs) were subsequently incubated in binding reaction
buffer (5 mM HEPES [pH 7.5], 100 mM KCI, 5 mM MgCl,, 3.8% glycerol, and
2.5 pg freshly added tRNA) at 37°C for 30 min to allow RNA-RNA complexes
to form. RNA-RNA complexes were analyzed by electrophoresis through native
4.5% polyacrylamide gels supplemented with 5% glycerol. Gels were prerun for
30 min at 4°C at 125 V prior to sample loading using 0.5X Tris-borate-EDTA
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FIG. 1. Characterization of DENV reporter replicon. (A) Schematic presentation of the replicons used in this study. pDRep has been described
previously (8). In 5" UTR-Cap-tr, the EMCV IRES is positioned downstream of the DENV 5’ end containing the first 72 nt of the capsid-coding
region (C72nt), mediating translation of Renilla luciferase (Luciferase) reporter gene and the viral open reading frame (ORF) spanning the
C-terminal sequence of E and NS1 to NS5. Luciferase is cleaved from the viral proteins by an engineered FMDV2A (FMDV) cleavage site. RNA
structures in the 5" and 3’ ends are indicated schematically. In 5" UTR-Cap-tr-SPACER, the DENV 5’ end and the EMCV IRES are separated
by an ~650-nt-long spacer sequence derived from the GFP-coding sequence (SPACER). (B) Replication competence of DENV reporter replicons
over a time course of 96 h posttransfection (p.t.). Time points are indicated on top, and RLU are expressed as a percentage of the value measured
4 h p.t., which was set to 100%. The replicons pDRep and GVD served as positive and negative controls, respectively. Results from at least three
independent experiments are shown. Error bars reflect standard deviations. (C) Comparison of viral RNA copy number in BHK cells 96 h p.t. for
the indicated replicon RNAs. RNA copy number was determined by qRT-PCR using NS5-specific primers and probe. The amount of viral RNA
measured for the parental pDRep replicon was normalized to 18S RNA and set to 100%. All other normalized RNA levels are given as a
percentage of pDRep. Results from at least three independent experiments are shown. Error bars reflect standard deviations.

were mixed in a modified RNA binding reaction buffer (5 mM HEPES [pH 7.5],
100 mM KCl, and 5 mM MgCl,) and incubated for 30 min at 37°C. RNAs were
than incubated with 250 nM recombinant purified NS5 in NS5 activity buffer
(final concentration, 50 mM HEPES [pH 7.7], 5 mM MgCl,, 5 mM MnCl,, 2 mM
Health, Bethesda, MD). [each] rATP, rUTP, and rGTP, 0.2 mM rCTP, 4 U RNase inhibitor, 5 mM
NS5 RdRP in vitro assays. RNAs used for RARP assays were prepared as dithiothreitol [DTT], and 5 nCi [a-*?P]CTP per reaction) for 1 h at 30°C. The
described above in “In vitro transcription.” Prior to incubation with the recom- reaction was stopped by buffer exchange with 10 mM Tris, and unincorporated
binant purified NS5 RdRP domain (obtained from B. Selisko and B. Canard, nucleotides were removed by size exclusion chromatography using Micro Bio-
Laboratoire AFMB, Marseille, France), RNAs were heat denatured as described Spin P-30 Tris columns (Bio-Rad). Prior to electrophoresis on a 6 M urea/5%
denaturing polyacrylamide gel, RNAs were incubated at 65°C for 5 min in a 0.5X

for RNA binding assays. Five hundred nanograms of RNAs corresponding to 5’
and 3’ ends (the first 159 and last 456 nt, respectively) of the DENV genome TBE buffer conataining 80% formamide. Products were visualized by exposure

(TBE) running buffer. Electrophoresis was carried out for 4 to 5 h at 4°C with
constant voltage. Gels were dried at 80°C for 2 h and visualized by exposure on
a PhosphorImager plate. Quantification was performed using ImageJ software
(http://rsb.info.nih.gov/ij; developed by Wayne Rasband, National Institutes of
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on a Phosphorlmager plate. As above, quantification was performed using
ImageJ software (http://rsb.info.nih.gov/ij).

RESULTS

Bypassing the translational function of the 5’ UTR. To
separate the effect of mutations introduced into the genomic 5’
end on RNA replication from their possible effect on transla-
tion efficiency and/or polyprotein expression, we constructed a
reporter DENV replicon in which the requirements of 5" RNA
elements for RNA replication were uncoupled from transla-
tion of the reporter gene and the NS proteins required for
RNA replication. The previously described reporter replicon
pDRep (8) was modified by fusing the DENV 5’ UTR and the
first 72 nt of the capsid-coding region followed by several stop
codons to the EMCV IRES (Fig. 1A, pDRep and 5" UTR-
Cap-tr). The 5" UTR and first 72 nt of the capsid-coding region
harbor all essential 5 RNA elements needed for autonomous
RNA replication, and the engineered stop codons abort trans-
lation initiated at the 5 AUG. The internal EMCV IRES
mediates 5’-end-independent translation of the Renilla lucifer-
ase and the viral NS protein cassette, the latter of which is
cleaved from the reporter via an engineered foot-and-mouth
disease virus 2A (FMDV2A) cleavage site.

We tested the replication of the 5° UTR-Cap-tr replicon
compared to pDRep by transfecting the same amount of RNA
of each construct into BHK cells and monitoring luciferase
activity over a time course of 4 h, 24 h, 48 h, 72 h, and 96 h. The
4-h value, reflecting translation of the input RNA and thus
serving as an indicator of transfection efficiency, was set to
100%, and all later values were normalized to the 4-h value to
correct for transfection efficiency. For both replicons, total
luciferase activity levels (in relative luciferase units; RLU) 4 h
after transfection were similar (data not shown), indicating
that 5’ cap-dependent (pDRep) and EMCV IRES-dependent
(5" UTR-cap-tr) translation levels are comparable in BHK
cells. As a negative control, a replicon with an inactivating
mutation (GDD to GVD) in the catalytic site of the NS5 RdRp
was used (8). The replication phenotype of 5" UTR-cap-tr was
somewhat delayed compared to that of pDRep (Fig. 1B, 5’
UTR-Cap-tr and pDRep). That viral RNA elements derived
from two different viruses fused to each other can interfere
with their functionality was previously reported for other Fla-
viviridae (17). To overcome any steric constraints, we separated
the DENV 5" end and the EMCV IRES by an ~650-nt-long
spacer derived from the GFP-coding sequence. Replication of
the resulting replicon (Fig. 1A, 5" UTR-Cap-tr-SPACER) was
comparable to that of pDRep and was substantially enhanced
compared to that of 5" UTR-Cap-tr (Fig. 1B, 5" UTR-Cap-tr
versus 5 UTR-Cap-tr-SPACER). To demonstrate the func-
tionality of the new replicon system, we tested a replicon with
a substitution of the CS sequence (5'-UCAAUAUGCUG-3’
to 5'-AGUUAUACGAC-3") that abolishes 5'-3" CS comple-
mentarity, which abrogated RNA replication (Fig. 1B, Cap-tr-
SPACER-NoCS). The relation between luciferase activity and
RNA levels for the new replicon design was confirmed by
measuring the amount of viral RNA 96 h posttransfection
(p-t.) (Fig. 10).

The DAR sequences are involved in viral RNA replication.
We recently confirmed the computer-predicted 5'-3" cycliza-
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tion structure by determining the solution structure of the 5’
end of the DENV genomic RNA hybridized to the 3’ end of
the DENV genome (25). The overall structure confirmed the
interaction between the 5’ and 3’ CS and UAR sequences,
leading to a rearrangement of the 5" and 3’ ends (Fig. 2A). The
results also confirmed that the SLA is formed identically in the
presence or absence of the 3' RNA and that the cHP structure
is only slightly altered at the bottom of the stem. The solution
structure analysis also revealed a third double-stranded region,
with 5-nt base pairing between the 5’ and 3’ ends (Fig. 2A,
dotted frame, magnified on top). Thus, far, this potential cir-
cularization element has not been analyzed for its impact on
the viral life cycle. Nucleotides involved in this base pairing at
the 5" end are located downstream of the start codon and thus
were designated the downstream AUG region (5" DAR); nu-
cleotides at the 3’ end predicted to base pair with the 5" DAR
are referred to as the 3’ DAR. To address the functional role
of this region in RNA replication, we used the 5" UTR-Cap-
tr-SPACER replicon as a backbone to avoid interference by
the possible impact of introduced mutations on RNA transla-
tion. We first introduced mutations into the 5' DAR and
adjacent sequences (Fig. 3A, 5" DAR-region-mut). These mu-
tations completely prevented RNA synthesis (Fig. 3B, 5" DAR-
region-mut).

To analyze the impact of mutations in the 5" DAR-region-
mut RNA on 5'-3" genome cyclization, we used a previously
reported method to study DENV RNA-RNA interaction (4).
This method involves an RNA binding assay in which the
interaction between two RNAs, one representing the 5’ end
and the other the 3’ end, can be investigated. The 5" RNAs
containing the first 160 nt of the DENV genome and the
indicated mutation were in vitro transcribed, as was a radiola-
beled 3" wild-type (WT) RNA spanning the final 106 nt of the
DENV genome. As previously shown (4), the 5" WT RNA was
able to form an RNA-RNA complex with the 3 WT RNA,
resulting in a shift of the radiolabeled 3" RNA, whereas a 5’
RNA harboring a mutation in the CS sequence (5'-UCAAU
AUGCUG-3" to 5'-AGUUAUACGAC-3") abolishing 5'-3’
CS complementarity did not shift the 3’ RNA (Fig. 3C, com-
pare lanes 1, 2, and 3). The 5" DAR-region-mut RNA failed to
shift the 3" RNA (Fig. 3C, lane 4). To further analyze the role
of the DAR sequence in genome circulization, we tested RNAs
with mutations in the sequence between the 5’ UAR and the 5’
DAR (“upstream DAR,” 5'-AUGAAUAA-3" into 5'-UACU
UAUU-3"), RNAs with mutations only affecting the 5" DAR
motif (Fig. 3A, 5" NoDAR), and RNAs with mutations be-
tween the 5" DAR sequence and the cHP element (“down-
stream DAR,” 5'-GAAA-3" into 5'-CUUU-3’. Only mutations
in the 5" DAR sequence abrogated the long-distance 5'-3’
RNA-RNA interaction (Fig. 3C, lane 7), indicating that the 5’
DAR sequence is involved in 5'-3'" RNA-RNA communica-
tion.

Next, the predicted base pairing between the 5" DAR and 3’
DAR for the 5" NoDAR mutant was restored by introducing
complementary mutations into the 3’ DAR sequence (Fig. 3A,
5’-3" NoDAR). Restoring complementarity between the DAR
sequences restored the ability of terminal RNAs to interact
with each other (Fig. 3C, lane 10). However, mutations in the
3’ DAR allowed 5'-3" RNA-RNA interaction with the WT 5’
RNA despite the fact that the predicted complementarity be-
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FIG. 2. Secondary structure of the DENV2 5’ end in the presence of the 3" UTR and of the 3" SL in the absence of 5" RNA. (A) Interaction
between the DENV 5’ and 3’ ends is depicted as determined from the solution structure of the 5' UTR in the presence of the 3" UTR (adapted
from reference 25). Sequences derived from the DENV2 (strain 16681) 5’ end are on top, and those from the 3’ end are on the bottom. Structural
elements are indicated (SLA, cHP), and known nucleotides required for 5'-3’ base pairing are boxed (5'-3" UAR, 5'-3" CS). The third

double-stranded region between the 5’ and 3’ ends is surrounded by

a dotted frame and magnified on top (DAR). Nucleotides involved in

alternative stem formation at the 3’ end in the absence of 5" RNA are underlined and shaded, and the structure itself is displayed below in 3'-5’
orientation (for details, refer to the legend to panel B). The start codon is highlighted in italics and marked with an asterisk. (B) Schematic
presentation of the 3’ SL in the absence of 5’ RNA. The small stem-loop at the bottom of the 3’ SL is highlighted (dashed frame) and designated
hairpin at 3’ SL (HP-3" SL). Nucleotides involved in stem formation are underlined and shaded in all RNA structures (A and B).

tween the DAR sequences was abrogated (Fig. 3C, lane 9).
Regardless of their ability to allow 5'-3" RNA-RNA interac-
tion, none of the mutants were able to initiate RNA replication
in the context of our replicon system in BHK cells (Fig. 3B).
While the loss of RNA synthesis by mutations in the 5" DAR
sequence could be explained by interference with genome cir-
cularization, the loss of RNA replication by RNAs with muta-
tions in the 3" DAR element might be explained by their effect
on the formation of an alternative RNA structure, a small
stem-loop at the bottom of the 3" SL (Fig. 2A, underlined and
with a grey background and shown as a structure beneath, and
Fig. 2B, dotted frame). Because of its character and location,
we will refer to this RNA structure as hairpin at the 3" SL
(HP-3" SL). Previous results suggest a functional role for the
HP-3" SL in RNA replication (1).

To analyze whether the DAR and the HP-3' SL are involved
in regulating the NS5 RdRp, we performed an NS5 RdRp in
vitro activity assay. Small RNAs derived from the DENV 5’
end are efficiently used as a template by purified NS5 RdRp in

vitro, whereas the 3 UTR RNA is recognized only in the
presence of the 5’ end sequence (16, 22). It has been shown
that for frans-initiation activity, the 5’ SLA RNA element and
the presence of 5'-3" CS and UAR complementarity, but not
the primary sequence, are absolutely essential (1, 2). To ana-
lyze the effect of the 5" DAR sequence and the HP-3’ SL
element on NS5 RdRp trans-intiation, we used two RNAs
corresponding to the viral ends with mutations in either the 5’
DAR or the 3" DAR or both. For the 5’ end, we used RNA
molecules consisting of the first 160 nt of the DENV genome,
which are all recognized as a template by the purified RdRp
independent of the introduced mutations (Fig. 3D). The cor-
responding 3" UTR RNAs alone are not used as templates by
purified NS5 RdRP protein in vitro (lane 1, WT 3’ UTR, and
data not shown). The NS5 RdARP trans-initiation assay largely
reflects the RNA-RNA hybridization results. While the 5’
NoDAR mutation abrogates RNA-RNA interaction and
greatly decreases NS5 RdRp frans-initiation (Fig. 3D, lane 5),
no significant effects were observed with RNAs containing
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FIG. 3. The DAR sequences are important for RNA replication. (A) Overview of mutations and assay results. Detailed overview of mutations
introduced into the 5" UTR-Cap-tr-SPACER replicon are presented on the left side. The names of the mutants are indicated on top, with the other
sequence as WT unless it is indicated that both the 5’ and 3’ mutant sequences are presented. Complementary nucleotides between 5’ and 3’ ends
are indicated by a dash, and nucleotides involved in HP-3’ SL formation are underlined. The DAR motif is boxed. Mutations are highlighted with
an asterisk. Mutants with restored complementarity between 5’-3" DAR sequences are boxed. Prediction of HP-3" SL formation is given in the
column “HP-3" SL” for each mutant. RNA replication levels are summarized with up to five plus signs, and no replication is shown with dashes;
please refer to the legend to panel B for more details. Results regarding 5'-3" RNA-RNA interaction and NS5 frans-initiation activity for each
mutant are given as percentages of the quantified amount of 3" RNA shifted (RNA-RNA interaction) or 3" RNA synthesized compared to the 5'-3’
WT control. Values reflect mean values from at least three independent experiments, with the standard deviation (SD) shown immediately below.
(B) Replication competence of variant DENV reporter replicons. RLU was measured over a time course of 96 h after transfection of variant
replicons harboring the mutations indicated below the graph. For more details, refer to the legend to Fig. 1B. (C) RNA mobility shift analysis
showing the effect of mutations within the 5" and 3’ DAR and nearby sequences. Detailed overview of mutations are given in (A); mutant upstream
DAR and downstream DAR contain the following 5" sequence (limited to the sequence shown in panel A): 5'-CUGUACUUAUUCCAACGGA
AA-3" and 5'-CUGAUGAAUAACCAACGCUUU-3'; DAR sequences are underlined, mutations highlighted in bold). The 5" RNA consists of the
first 160 nt of the DENV genome, containing the mutations indicated along the top of the gel. The uniformly labeled 3’ SL RNA includes the final
106 nt of the DENV RNA genome, and the mutations are indicated below the gel. The ratio between the 5’ and 3’ RNAs was 100:1. The mobility
of the 3’ SL alone or in complex with 5 RNA is indicated on the left. The gel displayed is representative of results of at least three independent
experiments. (D) Effects of mutations on RNA template usage and trans-initiation of RNA synthesis by purified RdRp. The gel displays the
radiolabeled products from in vitro RdRp activity assays using the recombinant DENV NS5 RdRp domain. Mutations in the RNAs used as
template (0.5 pg each) are indicated below (3" UTR RNA template) and above (5" UTR RNA template, corresponding to the first 160 nt) the
gel. The migration pattern of the DENV 5’ UTR and 3" UTR RNAs, as determined using the corresponding 5’ or 3 in vitro-transcribed WT RNAs,
are indicated on the left. Results displayed are representative of results of at least three independent experiments.

mutations in the 3" DAR sequence (Fig. 3D, lanes 6 and 7). alyze whether the loss of RNA replication of replicon RNAs
The results indicate no effect of the HP-3" SL on the activity of harboring the 3" NoDAR mutation was due to interference
the NS5 RdRp domain used in the assay. with HP-3" SL formation, we introduced additional mutations

Even though no direct effect of the HP-3" SL on RdRp into the 3’ sequence to restore the formation of the HP-3" SL.
activity was seen, this does not rule out a functional role of this In the 3’ NoDAR mutation, 3 of 4 nt involved in formation of
RNA element in RNA replication in the context of the entire the HP-3’ SL stem are mutated, and most of the complemen-
genome or in the more complex environment in cells. To an- tary nucleotides on the other side of the stem are bifunctional,
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forming part of the HP-3" SL stem as well as the 3" UAR
sequence (Fig. 2A, nucleotides involved in stem formation are
underlined and shaded). In addition to the 3" NoDAR muta-
tions, we introduced compensatory mutations on the other side
of the HP-3’ SL stem to restore the possibility of stem forma-
tion (Fig. 4A, 3’ UAR-NoDAR). Two of these mutations are
located at the 5’ end of the 3" UAR sequence, partially dis-
rupting 5'-3' UAR complementarity. To eliminate any effects
of UAR noncomplementarity, we also introduced two muta-
tions into the 5" UAR sequence of the 5" NoDAR mutant (Fig.
4A, 5" UAR-NoDAR), restoring UAR complementarity be-
tween the combined 5’ plus 3’ UAR-NoDAR mutant (Fig.
4A). Even so, none of the mutant RNAs allowed RNA repli-
cation in cell culture (Fig. 4B). As expected from our previous
results, RNAs containing mutations in the 5 UAR and 5’
DAR sequence are not able to interact with 3 WT RNAs (Fig.
4A, 5" UAR-NoDAR, and data not shown), while the analo-
gous mutations in the 3" RNA still shifted 5" WT RNAs (Fig.
4A, 3' UAR-NoDAR, and data not shown). Despite a stable
RNA-RNA interaction between 5" WT and 3’ UAR-NoDAR
RNAs, the NS5 in vitro assay showed a reduced frans-initiation
activity of the corresponding 3’ RNA templates (Fig. 4A, up-
per panel, and data not shown). Interestingly, combination of
5" UAR-NoDAR and 3’ UAR-NoDAR RNAs showed a sim-
ilar RNA-RNA interaction pattern but resulted in a restored
NS5 trans initiation in vitro activity (Fig. 4A and data not
shown).

Even though all UAR-NoDAR mutants maintain the possi-
bility of forming the HP-3" SL, none of the RNAs were repli-
cation competent (Fig. 4A, upper panel, and Fig. 4B). There-
fore, to minimize the effects of mutating the DAR primary
sequence on RNA replication, we constructed a set of mutants
containing only 3 rather than 5 mutations in either DAR se-
quence and the same 2 mutations in the terminal UAR se-
quences as described above. Again, these UAR mutations were
necessary to maintain the possibility of HP-3’ SL formation
while maintaining 5'-3" UAR complementarity, resulting in 5’
UAR-DAR-mut, 3" UAR-DAR-mut, and 5'-3" UAR-DAR-
mut (Fig. 4A). To discriminate between effects on RNA rep-
lication caused by the changes in the UAR and DAR se-
quences, we also constructed an RNA harboring a mutation
only in the 5’ UAR, which interferes only with 5'-3" UAR
complementarity, or mutations in the 5" UAR in combination
with the 3 UAR-DAR-mut, which restore UAR complemen-
tarity and the possibility of forming the HP-3" SL but lack
DAR complementarity (Fig. 4A, 5 UAR-only-mut and 5’
UAR + 3" UAR-DAR-mut, respectively). The only RNA in
this set that was able to replicate to some degree in cell culture
contained restored 5’-3' UAR and DAR complementarity
(Fig. 4A and B, 5'-3' UAR-DAR-mut), whereas all other mu-
tants failed to replicate (Fig. 4B). Furthermore, two sets of
RNAs again showed a discrepancy between 5'-3" RNA-RNA
binding ability and NS5 frans-initiation activity (Fig. 4A, 3’
UAR-DAR-mut and 5" UAR-only-mut, and data not shown).
Similar overall results were also obtained with mutant RNAs
carrying 4-nt substitutions in either the 5' DAR or 3’ DAR and
one mutation each in the 5" UAR and 3" UAR sequences,
resulting in nonviable replicons 5 UAR-DAR-mut-2 (5'-CU
CAUGAAUAAGGAAUC-3’; mutations are indicated in bold
and underlined, start codon in italics) and 3'UAR-DAR-mut-2
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(3'-GAGGAGAAAGCCUCAG-5') or in the viable mutant
replicon 5'-3" UAR-DAR-mut-2, carrying both the 5" and 3’
substitutions (data not shown).

The low-replication phenotype of 5'-3" UAR-DAR-mut and
5'-3" UAR-DAR-mut-2 could be explained by either an impact
of the altered primary sequence or combined effects of changes
in the UAR and DAR sequences. To avoid effects on RNA
replication caused by changes in the UAR, we targeted the
nucleotides in the 3’ DAR that do not require changes in the
UAR sequences to allow formation of the HP-3" SL. We there-
fore focused on either the 5’ first two nucleotides or the 3’ final
nucleotide of the 3" DAR motif and also introduced the nec-
essary mutations to maintain the formation of the HP-3" SL
(Fig. 5A, 3' DAR-mut-1 and 3" DAR-mut-2). We also engi-
neered mutations in the analogous 5" DAR positions (Fig. 5A,
5" DAR-mut-1 and 5" DAR-mut-2) so as to restore the pre-
dicted base pairing with 3" DAR-mut-1 and -2, respectively
(Fig. 5A, 5'-3' DAR-mut-1 and 5’-3" DAR-mut-2). While mu-
tations introduced into the 3’ terminus caused only a minor
impact on RNA replication, the analogous 5" DAR mutations
substantially interfered with RNA replication (Fig. 5B). The
replication pattern of 5" DAR-mut-1 might indicate the emer-
gence of revertants; however, cDNA sequencing of samples
harvested 96 h p.t. either failed or showed no conclusive result
(data not shown). Most importantly, the complementary mu-
tants in the 3’ end restoring 5'-3' DAR complementarity res-
cued the effect of the 5" mutations (Fig. 5B, 5'-3’ DAR-mut-1
and 5'-3" DAR-mut-2, respectively). Similar to previous obser-
vations, mutations introduced into the 5" DAR sequence in-
terfered with the ability to bind the 3’ WT RNA, whereas
mutations in the 3" RNA displayed a less-severe effect (Fig.
5A). As seen for the RNA replication phenotypes (Fig. 5B),
restoring complementarity between the DAR motifs also restored
high-affinity RNA-RNA interaction (Fig. 5A, compare 5'-3’
DAR-mut-1 or -mut-2 with 5’ or 3’ DAR-mut-1 or -mut-2, and
data not shown). The NS5 frans-initiation activity reflected the
results of RNA-RNA interaction assays (Fig. 5A and data not
shown).

The SLA must be located at the very 5’ end, whereas the 5’
UAR, DAR, cHP, and CS elements are less position dependent.
Having shown that the 5 DAR sequence is important for RNA
replication, we wanted to define the position dependence of
the elements at the viral 5’ terminus. In addition to the SLA,
UAR, DAR, and CS, the 5’ end contains more functional
RNA sequences: a short poly(U) tract and the cHP structure.
However, the exact functions of these sequences are not yet
known. To gain a better understanding of the RNA elements at
the viral 5’ end, we analyzed the interplay between the ele-
ments, starting by studying effects on position. A panel of
mutants was constructed, targeting the different RNA ele-
ments. For SLA, two mutants were designed, one disrupting
the lower stem (previously designated stem 1 and 2 [22]) (Fig.
6, SLA lower stem) and the other targeting the loop sequence
by introducing two known nonviable mutations (Fig. 6, SLA
ML340) (16). The poly(U) tract was either extended to 20 U
residues or replaced by stretches of either 10 G, C, or A
residues (Fig. 6, poly(U)-20, poly(A)-10, poly(C)-10, and
poly(G)-10). To interfere with the 5" UAR and 5’ CS elements,
sequences were exchanged with their complementary se-
quences, eliminating the possibility of base pairing with their 3’
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FIG. 4. Primary sequences and complementarity of the DAR elements and the HP-3’ SL are involved in DENV RNA replication. (A) Overview
of mutations analyzed and results obtained. Detailed overview of mutations introduced into the 5" UTR-Cap-tr-SPACER replicon on the left side,
with names indicated on top. Please refer to the legend to Fig. 3A for more details. Mutants with restored complementarity between 5'-3" UAR
and DAR sequences are boxed. (B) Replication levels of indicated mutant replicons over a time course of 96 h p.t. For more details, see the legend
to Fig. 3B.
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FIG. 5. Loss of replication due to 5" DAR mutation can be rescued by restored DAR complementarity. (A) Overview of mutations and assay
results. Detailed overview of mutations introduced into the 5" UTR-Cap-tr-SPACER replicon on the left side, with names indicated on top. Please
refer to the legend to Fig. 3A for more details. Mutants with restored complementarity between 5'-3" DAR sequences are boxed. (B) Detailed
replication levels of indicated mutant replicons over a time course of 96 h p.t. For more details, see the legend to Fig. 3B.
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FIG. 6. Mutations introduced into the DENV 5’ end. The position of mutations within the 5’ end of the viral RNA are shown on top of the
5’-3" RNA-RNA structure (see Fig. 2 for more details), indicated in bold and marked with an asterisk. The position of the mutations is further
indicated by arrows, and the character of the mutations and their effects on RNA structure as predicted by mfold are shown, with mutated
nucleotides marked with an asterisk. Names are indicated next to each mutation. Mutations were introduced only into the 5’ end. Mutated
nucleotides are slightly enlarged. The start codon is shown in italics and underlined.

counterparts (Fig. 6, NoUAR and NoCS). For the DAR se-
quence, the DAR-region-mut mutant was selected, while for
the cHP structure, a previously described mutation was used
(Fig. 6, cHP3.4) (8). Finally, for mutant “downstream-5" CS-
mut” the first 21 nt 3’ of the 5’ CS element were exchanged
with their complementary sequences (Fig. 6, Downstream-5’
CS-mut).

To test the effect on RNA replication, 5" UTR-Cap-tr-
SPACER replicons harboring the different mutations were
transfected into BHK cells, and luciferase values were mea-
sured over a time course of 96 h to determine RNA replication
levels. As expected, mutants NoCS and NoUAR and double
mutant NoCS-NoUAR failed to replicate, as did the two rep-
licons with changes in SLA known to interfere with RNA
replication (Fig. 7A, non-viable). As previously described by
Lodeiro et al. (22), an extension of the poly(U) tract or sub-
stitution with a poly(A) tract is well tolerated (reference 22 and
Fig. 7A, viable); however, when replaced by a poly(C) or
poly(G) tract, replication is blocked [Fig. 7A, non-viable,
poly(C) and poly(G)]. Both the DAR-region-mut and the
cHP3.4 mutations render the viral RNA replication incompe-
tent. In the context of our new reporter replicons in which
translation is uncoupled from the viral 5" end, the loss of RNA

replication of mutant cHP3.4 clearly demonstrated that the
influence of the RNA element on RNA replication is indepen-
dent from its role in RNA translation at all times during the
viral life cycle. Mutations introduced into sequences down-
stream of the 5" CS element do not interfere with viral RNA
synthesis (Fig. 7A, viable, Downstream-5’ CS-mut).

To set up a system that allows analysis of the position effect
of RNA elements within the 5’ region, we replaced the
SPACER sequence from replicon 5 UTR-Cap-tr-SPACER
with an insertion of the 5" UTR and the full capsid-coding
region (Fig. 7B, top, 5" UTR-Cap-tr+5’" UTR-Cap-fl). This
replicon replicated to almost the same level as the parental 5’
UTR-Cap-tr-SPACER RNA (Fig. 7B, Control, compare WT
with Cap-tr + 5’ UTR-Cap-fl), showing that the presence of
two sets of 5 RNA elements are well tolerated. Next, we
analyzed whether the CS in the inserted sequence is able to
functionally replace the homologous 5’ sequence by mutating
the first 5' CS to a NoCS mutation. In this setup, the 3" CS
sequence can only base pair with the internal CS element
located approximately 180 nt downstream of its original posi-
tion. The luciferase data shown in Fig. 7B (viable, NoCS)
reveal an RNA replication rate similar to that seen for the
parental RNA, indicating rescue of replication. However, 5’
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FIG. 7. The SLA is 5'-position dependent. (A) Effects of mutations in the 5" end on RNA replication in the context of the 5'UTR-Cap-tr-
SPACER replicon. RLU was monitored over a time course of 96 h. The name and a schematic diagram of the 5’ end of the replicon is provided
above the graph, indicating the region into which mutations were introduced. The names of the mutants are provided below the graph. The results
are clustered into sections containing controls (Control), RNAs with mutations that destroy replication competence (non-viable), and RNAs with
mutations resulting in viable replicons (viable). For more details, please refer to legend to Fig. 1B. (B) Rescue of mutations in the 5’ end by internal
insertion of the 5" UTR and capsid-coding region. A schematic diagram of the 5" end of the replicon is provided above the graph, and the region
into which mutations were introduced is indicated. The replication competence of the mutants identified below the graph is shown. As described
above, the results were clustered into control, viable, and nonviable replicon sections. For more details, refer to the legend to panel A.
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UTR-Cap-tr-NoCS + 5" UTR-Cap-fl contains a large se-
quence duplication that could allow the RNA to undergo re-
combination. Sequencing of cDNA clones confirmed the iden-
tity of viral RNAs 96 h p.t. as input sequence (data not shown).
Taken together, these results demonstrate that mutations
within the 5’ CS element can be rescued by an internal inser-
tion, indicating that the RNA tolerates different positions close
to the 5’ end for genome circularization.

Next, we tested whether the UAR element can also be func-
tionally translocated by using the same setup. A 5" NoUAR
mutation can be rescued by an internal insertion, but replica-
tion is substantially delayed (Fig. 7B, viable, NoUAR). Due to
the relatively close proximity of the SLA and UAR, reduction
of RNA replication could be caused by effects of the intro-
duced mutation on the 5" SLA element, which cannot be com-
pensated by an internal insertion, as described below. To re-
duce the likelihood of UAR mutation affecting the SLA, the
poly(U) tract was extended to 20 poly(U) residues to act as a
spacer sequence. However, no significant changes in the rescue
levels were observed between the parental NoUAR and the
poly(U)20-NoUAR RNA (data not shown). Therefore, we ex-
plored another explanation for the low-rescue phenotype. Re-
cent results indicate that the CS sequences initiate the 5'-3’
long-distance RNA interaction (25), which could trap the 3’
CS base paired to the CS element at the 5’ end while formation
of the cyclization structure is blocked by the NoUAR muta-
tion. Therefore, we tested the rescue of a 5’ double mutant in
which the 5" UAR and CS elements are both mutated, such
that the 3’ CS can only interact with the internal-rescue CS
insertion, initiating end-to-end interaction close to the inter-
nal-rescue UAR sequence. This setup did improve restoration
of RNA synthesis; however, viral fitness was not fully recov-
ered (Fig. 7B, viable, NoCS-NoUAR), implying additional
complexity. In line with the assumption of a more-complex
effect of the NoUAR mutation on RNA replication is the fact
that a mutation in the 5" DAR sequence can be efficiently
rescued (Fig. 7B, viable, DAR-region-mut; and UAR-DAR-
mut, DAR-mut-1, and DAR-mut-2, data not shown). If rescue
of the NoUAR mutation were reduced only due to a trapped
3" end at the very 5’ end, the same should be true for DAR-
region-mut rescue. Finally, mutation in the cHP element could
be successfully rescued by an internal insertion (Fig. 7B, viable,
cHP3.4).

As indicated above, the SLA does not allow functional re-
location. None of the SLA mutations analyzed were rescuable
by an internal insertion of the element (Fig. 7B, non-viable,
SLA ML340 and SLA lower stem), indicating position depen-
dency at the very 5’ end. Regarding the poly(U) region, while
the replacement to poly(A) is accepted, substitution to either
poly(G) or poly(C) tracts interfere with RNA replication. The
poly(U)-to-poly(G) substitution could be efficiently rescued
[Fig. 7B, viable, poly(G)], while the replacement of poly(U)
with poly(C) was only partially rescued. Even after 96 h, only
input luciferase values were attained [Fig. 7B, viable, poly(C)].

In order to further investigate the 5’ dependency of SLA, we
repeated the rescue experiment with an insertion of the 5’
UTR plus the full capsid-coding region but lacking the SLA
sequence. In this setup, only one 5'-located SLA is present and
can be used by the virus to recruit NS5. As expected, mutations
that could not be rescued before retained their nonviable phe-
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notype (Fig. 8A, non-viable, SLA ML340), whereas all muta-
tions efficiently rescued with a second SLA sequence present
were also rescued in the absence of an internal SLA, demon-
strating that all features of SLA are used at the 5" position.
However, the three mutants showing a low- or intermediate
rescue phenotype with an additional SLA sequence inserted
showed a no- or low-rescue phenotype in the absence of SLA
in the 5" UTR insertion [Fig. 8A, non-viable, NoUAR and
poly(C); viable, NoCS-NoUAR]. Interestingly, in all three
RNAs, the introduced mutations are in close proximity to the
5" SLA sequence, and it is tempting to speculate that the
mutations interfere with a feature of the SLA that can be
rescued by an internal insertion, being 5'-end independent and
explaining the partial rescue in the 5" UTR-Cap-tr mutation
plus 5" UTR-Cap-fl backbone. This result indicates that the
SLA may perform at least two independent functions, one that
is completely 5'-end dependent and one that is somewhat more
flexible in terms of position. Thus far, only the function of SLA
in recruiting NS5 is known.

The 5’ end is divided into two functional units: the SLA and
the UAR, DAR, cHP, and CS elements. Because a fully func-
tional SLA element needs to be at the very 5’ end, whereas
most of the other 5" RNA elements can be translocated to an
internal position, we wanted to determine which of the 5'-end
elements must act in concert or can function individually. To
address this question, a replicon setup was used carrying a
NoCS mutation in the 5" UTR and a mutated form of the RNA
element of interest engineered into the 5" UTR full capsid-
coding sequence insertion. This design ensures that a func-
tional copy of the RNA element of interest and the CS se-
quence are positionally separated.

The UAR sequence has already been reported to act to-
gether with the CS sequence to facilitate genome circulariza-
tion (25), and we found that an RNA carrying a 5" NoCS and
an internal NoUAR mutation failed to replicate (Fig. 8B, non-
viable, NoUAR), demonstrating the necessity for a direct in-
terplay between both elements. The phenotype for replicon
RNAs carrying the 5" NoCS and the internal DAR-region-mut
was expected to follow the fate of the NoUAR replicon
but showed less of a decrease in luciferase activity (Fig. 8B,
DAR-region-mut and UAR-DAR-mut) (and data not shown).
Ninety-six hours after transfection, luciferase counts of these
mutants were 10-fold higher than background levels, as deter-
mined using the replication-deficient GVD mutant. The lucif-
erase kinetics observed could well be indicative of the emer-
gence of revertants, although to date, cDNA sequencing of
samples harvested 96 h p.t. have failed or shown no conclusive
result (data not shown). Thus far, all mutations found have
been at unique random positions, and their effect is as yet
untested. A similar phenotype was observed for 5’ NoCS with
the cHP3.4 mutation in the inserted rescue sequence (Fig. 8B,
cHP3.4). This mutation has been previously analyzed and
found to allow rescue revertants to arise, but in the context of
an infectious clone (8). As already shown in Fig. 8A (NoCS),
an RNA harboring the 5’ NoCS mutation and a deletion of
SLA in the 5" UTR insertion replicates to high levels (Fig. 8B,
viable, No-SLA).

The substitution of the poly(U) tract to poly(G) in the in-
serted sequence abrogated RNA amplification, whereas a
poly(C) tract was tolerated [Fig. 8B, non-viable, poly(G), and
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FIG. 8. Two functional units are present in the viral 5" end: the SLA and the UAR, DAR, cHP, and CS elements. (A) Rescue of mutations
in the 5" end by internal insertion of the 5" UTR and capsid-coding region without the SLA. A schematic diagram of the 5’ end of the replicon
upstream of the EMCV IRES is provided above the graph, and the region into which mutations were introduced is indicated. For a more-detailed
description, refer to the legend to Fig. 7. (B) Analysis of the interplay between different RNA elements in the 5’ end. A “NoCS” mutation is present
at the very 5’ end, and the mutations indicated below the graph were engineered into the inserted 5’ UTR-capsid-coding sequence fragment; as
before, a schematic overview is provided on top. For more details, please refer to legend to Fig. 7.

viable, poly(C)]. A possible explanation for these results could element could be compensated for by the intact 5" SLA. To
be an effect of the poly(G) but not the poly(C) substitution on address the effect of the mutations on genome circularization,
the 5'-3" RNA-RNA overall structure formation. In the case of ~ we performed RNA-RNA binding studies, studying the differ-
the poly(C) substitution, possible effects on the internal SLA ent mutations in the context of the first 160 nt of the viral
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FIG. 9. Sequences outside the UAR, DAR and CS are not re-
quired for 5'-3" RNA-RNA complex formation. RNA mobility shift
analysis showing the effect of mutations within the DENV 5’ end on
interaction with the 3" end. The 5’ RNA consists of the first 160 nt of
the DENV genome, carrying the mutations indicated on top of the gel.
The uniformly labeled 3" SL RNA includes the last 106 nt of the
DENYV genome. The ratio between the 5’ and 3’ RNAs was 100:1. The
size of the 3’ SL alone or in complex with the 5’ DENV RNA is
indicated on the left. The gel displayed here is representative of results
of at least three independent experiments. For more details, refer to

the legend to Fig. 3C.
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RNA. Both the poly(G) and poly(C) replacements of the
poly(U) tract did interact with the 3" RNA; however, in the
case of poly(G), a somewhat different mobility shift was ob-
served [Fig. 9, poly(C) and poly(G)]. This could indicate for-
mation of a nonfunctional 5'-3" structure, which is also pre-
dicted by mfold-based RNA structure prediction (data not
shown), showing that the introduced 5’ poly(G) tract is able to
base pair with another poly(C) stretch found within the viral 3’
terminus. None of the other mutations located outside the
circularization sequences interfered with the 5'-3’ RNA hy-
bridization, except the DAR-region mutant (Fig. 9). Even
though the cHP was found to be functional only within the
5'-3" tertiary RNA structure complex, it is not required to
initiate base pairings between sequences in the 5" and 3’ ends.
The cHP was also found to be dispensable in NS5 frans-initi-
ation assays, indicating neither an impact on RNA hybridiza-
tion nor NS5 promoter function per se (data not shown).

DISCUSSION

The impact of the UAR and CS elements on DENV genome
circularization, which is essential for RNA replication, has
been analyzed in several studies (1, 2, 4, 18, 20, 30, 33). Here,
we report the impact of a third stretch of nucleotides (DAR) in
the 5’ end impacting the long-distance RNA-RNA interaction
and RNA replication. Although results regarding genome cir-
cularization for the complementary 3’ DAR sequence are less
conclusive, this might be explained by the involvement of the 3’
DAR sequence in the formation of an alternative stem-loop
structure (the HP-3" SL) with nucleotides derived from the 3’
UAR element. Our data do provide evidence that the 3" DAR
sequence is important for RNA replication, either as a binding
partner for the 5" DAR or due to its involvement in the HP-3’
SL formation. We also show that two separate functional units
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are formed within the 5’ end: one consists of the SLA, and the
other includes the UAR, DAR, cHP, and CS elements and is
important for the formation of a functional 5’-3" panhandle
structure required for RNA replication.

Recently, the DENV 5'-3" RNA-RNA structure was ana-
lyzed in solution (25); the results confirmed that the bottom
half of the 3" SL undergoes dramatic changes upon binding to
the 5’ end of the viral RNA. It has been speculated that the
5’-3" UAR interaction has two functions: stabilizing the 5'-3’
RNA-RNA hybridization complex and modulating the 3’ SL
structure (16), under the hypothesis that these structural
changes are required to make the 3’ end accessible for the viral
RdRp, which is believed to function only with single-stranded
RNA (ssRNA) (31). Because of the close proximity of the 3’
UAR and 3’ DAR elements and the fact that nucleotides from
both elements are involved in the formation of the HP-3" SL,
it is tempting to speculate that the 5'-3’ DAR interaction
assists the UAR element in unwinding the 3" SL. In keeping
with the fact that the CS sequences can initiate base pairing
even in the absence of intact UAR complementarity, whereas
the UAR interaction is more dependent on the presence of
base pairing between the CS elements (25), the DAR element
might extend the CS-initiated 5’-3' interaction, thereby open-
ing up the small HP-3" SL at the bottom of the 3" SL and
making the 5’ nucleotides of the 3" UAR accessible to the 5’
UAR sequence. This suggests a functional role for the struc-
tural changes at the 3’ end mediated by the 5’-3’ end interac-
tion. In line with this assumption is the fact that for other
plus-strand viruses, melting of the 3" end RNA structure is
a prerequisite for initiation of minus-strand synthesis (7, 24,
37, 38).

Even though our results regarding the influence of the 3’
DAR sequence on genome circularization are less clear than
those obtained for the 5’ DAR, an explanation could be that
mutations introduced into the 3" DAR already influence the
stability and/or formation of the HP-3" SL and that, therefore,
a 5'-3’ DAR interaction might not be needed to make the 3’
UAR accessible to the 5 UAR. However, previous results
indicated a role for the HP-3" SL structure in RNA replication
(1). This would result in a positive 5'-3" RNA-RNA interaction
but a block in RNA replication, as observed for mutants 3’
NoDAR, 3’ UAR-NoDAR, 5’ UAR + 3’ UAR-DAR-mut, 3’
UAR-DAR-mut, and 3" UAR-DAR-mut-2. That mutations
introduced into the 3’ DAR and adjacent sequences have an
impact on 3" RNA structure formation is supported by the
different mobility patterns observed with mutant versus WT 3’
RNAs in the absence of 5' RNAs (Fig. 3C, compare lane 1
[WT 3’ SL] with lane 8 [No DAR 3’ SL]; and data not shown
for 3 UAR-NoDAR, 3" UAR-DAR-mut, 3 DAR-mut-1, and
3’ DAR-mut-2). In addition, regarding the impact of the UAR
elements on genome circularization, it has been shown that
mutations in the 5" UAR that disrupt 5'-3" complementarity
have a more severe effect on RNA replication than the anal-
ogous mutations in the 3" UAR sequence (1). Furthermore,
previous reports indicated that mutations in the 5" UAR cause
more severe effects on RNA-RNA interaction than the anal-
ogous mutations in the 3" UAR (4). A similar mechanism
would also explain the observed discrepancies between effects
caused by mutations in the 5" and 3" DAR on genome circu-
larization and RNA replication, while the observed rescue for
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the combined 5’ and 3" UAR-DAR-mut and UAR-DAR-
mut-2 as well as the 5" and 3’ DAR-mut-1 and DAR-mut-2
indicate a functional role for the predicted complementarity.
The reduced replication levels for mutants with restored DAR
complementarity indicate that the 5" DAR primary sequence
might also harbor a separate, as-yet-unknown function re-
quired for RNA replication.

Interestingly, some mutants showed a discrepancy between
RNA-RNA affinity and NS5 frans-activity efficiency. Despite a
high RNA-RNA affinity and no changes in SLA, NS5 trans-
initiation of the 3" RNA template for these mutants are re-
duced compared to the 5'-3' WT RNA control. Mutations
affect the complementarity of the UAR motifs overlapping
with the sequences of the 3’ UTR involved in formation of the
HP-3’ SL (3' UAR-NoDAR, 3’ UAR-DAR-mut, and 3’ UAR-
DAR-mut-2) or immediately adjacent nucleotides (5" UAR-
only-mut). These results might indicate not only that NS5
trans-initiation activity requires a stable 5’-3' RNA-RNA in-
teraction and functional formation of 5'-3" panhandle complex
but also that the WT primary sequences of the UAR regions in
question are important.

The 5’ DAR sequence motif 5'-CCAACG-3’ is conserved in
all four DENV serotypes, but not in other mosquito-borne
flaviviruses, such as West Nile virus (WNV), Kunjin virus
(KUN), or Japanese encephalitis virus (JEV). However, for
these viruses, a sequence homologous to DAR is predicted to
be present, and a conserved sequence equivalent to the DENV
5'DAR can be found located between the start codon and
capsid hairpin element (5'-CCAGG-3") (20, 35). The comple-
mentary DAR-like counterpart (5'-CCUGG-3") at the 3’ end
is also involved in formation of the small stem-loop structure at
the bottom of the 3’ SL (23, 27, 36). Interestingly, a recent
study using WNV NS5 showed that the protein binds to SLI,
the homologous structure to the DENV SLA, together with
upstream sequences, one of which is the WNV DAR-homol-
ogous 5'-CCAGG-3’ (11). In our study as well as in the study
identifying SLA as the NS5 binding partner (16), only the
RdRp domain of NS5 lacking the complete N-terminal RNA
methyltransferase (MTase) domain was used; binding of the
entire DENV NS5 might require RNA sequences in addition
to those reported for the RARp domain.

Our results strongly imply that in addition to the require-
ment of long-range RNA-RNA interaction to circularize the
viral genome, the overall tertiary structure formed is also es-
sential. All elements involved in RNA-RNA interaction be-
tween the viral termini must act in concert, forming a func-
tional unit. Our data also show that the 5’ cHP RNA element,
which is not involved in 5'-3" RNA-RNA interaction per se,
must be part of this unit to allow RNA replication to occur in
cells. This result indicates that the 5" cHP structure plays a role
within the 5'-3" RNA panhandle structure complex formed
during cyclization. Our data did not reveal an impact of cHP
on NS5 promoter activity, either when present in the 5’ end or
within the 5’-3" RNA-RNA complex. This is consistent with
previous reports showing that the NS5 RdRp domain binds to
SLA on the 5" RNA alone and on the 5'-3" RNA-RNA com-
plex with similar affinities (16). Even though mutation of the
cHP did not interfere with input replicon RNA translation in
previous studies, an influence on translation during later steps
in the viral life cycle affecting RNA replication could not for-
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mally be ruled out (8). Our new replicon design demonstrates
that the influence of cHP on RNA replication is independent
of its role in RNA translation at all times during the viral life
cycle.

The SLA forms the second functional unit at the viral 5" end.
Structural requirements for SLA promoter properties have
been studied in great detail (16, 22). Here, we show that the
SLA is 5'-position dependent and does not tolerate transloca-
tion but that it does tolerate a positional separation of more
than 150 nt from the other functional unit that forms an es-
sential RNA tertiary structure required to cyclize the genome.
However, the rescue pattern of some mutations in the poly(U)
tract or the 5" UAR with or without an internal SLA insertion
implies that the SLA might contain a second function, which is
more tolerant of translocation to an internal position within
the 5’ region. Besides its role at the 5’ plus-strand end, the
complementary sequence of nucleotides involved in SLA for-
mation could also play a role at the 3’ end of the minus
strand. In WNV, a role in binding of T-cell intracellular
antigen 1 (TIA-1)/TIA-1-related protein (TIAR) to the
RNA structure at the 3’ minus-strand end was demonstrated
(21), and recently TIA-1/TTAR colocalization with DENV
double-stranded RNA and the viral protein NS3 as well as a
role in viral genomic RNA synthesis was reported (14, 15).
It is believed that the viral 3" minus-strand end serves as a
promoter for plus-strand RNA synthesis, supported by re-
duction of RNA replication by peptide nucleic acids or RNA
aptamers directed against the 3’ minus-strand end sequence
of viruses from the Flaviviridae family (5, 32).

Taken together, our data demonstrates that a third stretch of
nucleotides in the 5" end of the DENV genome, designated the
5" DAR element, is involved in the cyclization process and
DENV RNA replication, and we have evidence that its pre-
dicted counterpart at the viral 3’ terminus (3’ DAR) is re-
quired for RNA replication due to its primary sequence or as
part of the HP-3" SL. Furthermore, all elements involved in
5'-3" RNA-RNA communication as well as the cHP form a
functional unit, necessary to circularize the viral genome and
to form a functionally active tertiary RNA structure. A second
separate unit is formed by the SLA, and nucleotides involved
in the formation of SLA may fulfill at least two separate func-
tions in the viral life cycle. This work further defines the com-
plex interplay between RNA elements in the 5’ end and the
5'-3" termini essential for DENV RNA replication.
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